Fission yeast Schizosaccharomyces pombe is an important genetic model organism for studying the mechanisms of endocytosis and cytokinesis. However, most work on the biochemical properties of fission yeast actin-binding proteins has been done with skeletal muscle actin for matters of convenience. When simulations of mathematical models of the mechanism of endocytosis were compared with events in live cells, some of the reactions appeared to be much faster than observed in biochemical experiments with muscle actin. Here, we used gelsolin affinity chromatography to purify actin from fission yeast. S. pombe actin shares many properties with skeletal muscle actin but has higher intrinsic nucleotide exchange rate, faster trimer nucleus formation, faster phosphate dissociation rate from polymerized actin, and faster nucleation of actin filaments with Arp2/3 complex. These properties close the gap between the biochemistry and predictions made by mathematical models of endocytosis in S. pombe cells.
Actin plays pivotal roles in endocytosis, cell migration, vesicle trafficking, and cytokinesis. The sequences of actin genes have been highly conserved during evolution, and cells use a variety of actin-binding proteins to regulate actin polymerization and depolymerization spatially and temporally (1) . Biochemical analysis of the interactions of actin with actin-binding proteins is essential for understanding the mechanisms of physiological processes in cells other than muscle, but most biochemical and biophysical experiments are done with skeletal muscle actin for practical reasons.
Fission yeast Schizosaccharomyces pombe is a genetic model organism used to study actin dynamics during endocytosis and cytokinesis (2) (3) (4) . Comparisons of mathematical models with quantitative measurements on live cells are powerful tests of our understanding of both endocytosis and cytokinesis (5, 6) . However, computer simulations of these models have depended on quantitative parameters from experiments with muscle actin due to the lack of the information about S. pombe actin. To obtain good fits of simulations to measurements in cells, it was necessary to assume that muscle and S. pombe actin differ in some ways. For example, to account for the time course of endocytic actin patch assembly, Berro et al. (5) had to assume that the reactions leading to actin filament branch formation are much faster in cells than in biochemical experiments with muscle actin and fission yeast Arp2/3 complex and nucleation-promoting factors. Similarly Berro et al. (5) had to assume that ␥-phosphate dissociates much more rapidly from polymerized S. pombe ADP⅐P i ⅐actin than muscle actin to account for the time course of actin patch disassembly.
Budding yeast actin has been characterized in considerable detail (7) (8) (9) , but budding and fission yeast diverged during evolution more than 400 million years ago, so the properties of their actins likely differ. Takaine and Mabuchi described a method to purify S. pombe actin (10), but we could not obtain good yields of active actin by their method. Ohki et al. (11) purified human cytoplasmic actin from HeLa cells by affinity chromatography with the C-terminal half of mouse gelsolin. We found that a modification of their method yields highly purified, active fission yeast actin. We confirm that S. pombe actin shares many properties with muscle actin but differs quantitatively in several features, including faster nucleotide exchange, no effect of its own profilin on nucleotide exchange, more efficient nucleation of actin filaments with its own Arp2/3 complex, and much faster dissociation of the ␥-phosphate from ADP⅐P i ⅐actin subunits in filaments. All of these differences are important for mathematical modeling of the actin system in fission yeast.
EXPERIMENTAL PROCEDURES

Purification of C-terminal Half of Mouse
Gelsolin-We purified the C-terminal half of His 6 -tagged mouse gelsolin (G4-6) from Rosetta (DE3) pLysS-competent Escherichia coli cells (Novagen) (11) with the following modifications. Cells were grown in LB medium with 100 g/ml ampicillin and 34 g/ml chloramphenicol, and expression was induced at A 595 ϭ 1.0 -1.2 with 0.4 mM isopropyl-1-thio-␤-D-galactopyranoside at 15°C for 16 h. We lysed cells from a 1-liter culture (ϳ15 g of cells) by sonication (Branson Sonifier 450) in 35 ml of lysis buffer (50 mM KCl, 10 mM Tris, pH 8.0, 5 mM CaCl 2 , 1 mM ATP, 7 mM ␤-mercaptoethanol, and one Roche Applied Science protease inhibiter tablet 11873580001) and centrifuged the homogenate at 4°C at 38,000 rpm in a Ti45 rotor (Beckman Coulter) for 30 min. The supernatant was mixed with 7 ml of nickel-Sepharose 6 Fast Flow (GE Healthcare, 17-5318-01) at 4°C for 1.5 h, loaded onto a column using gravity flow, and washed with 100 ml of lysis buffer without protease inhibitor. G4-6 was eluted with lysis buffer containing 200 mM imidazole (pH 8.0) and dialyzed against 1 liter of lysis buffer containing 1 mM NaN 3 . The yield was ϳ350 mg from 6 liters of cell culture. Gelsolin G4-6 purification was finished 1 day before fission yeast actin purification.
Purification of Actin from S. pombe-Six flasks containing 1 liter of YE5S medium were inoculated with 10 ml of an overnight culture of S. pombe strain TP150 in YE5S medium and grown in a shaking incubator at 28°C for 15 h. When the A 595 was ϳ1.5-2.5, each liter of culture was fed with another 70 g of YE5S powder and incubated at 32°C until the A 595 ϭ 5.5-6.5. Six 1-liter cultures yielded ϳ120 g of cells, which were suspended in 100 ml of ice-cold lysis buffer (10 mM Tris, pH 8.0, 10 mM CaCl 2 , 1 mM ATP, 7 mM ␤-mercaptoethanol, 1 mM NaN 3 , eight tablets of Roche Applied Science protease inhibitor 11873580001) and lysed with a Microfluidizer (Microfluidics, M110-EH) using a pressure of 25,000 p.s.i. All subsequent steps were at 0 -4°C. The cell lysate was mixed with ϳ350 mg of dialyzed G4-6, and the mixture was stirred on ice for 3 h. After centrifugation at 20,000 rpm for 20 min and at 45,000 rpm for 1 h in a Ti45 rotor, the supernatant was mixed with 7 ml of nickel-Sepharose 6 Fast Flow (GE Healthcare, 17-5318-01) on ice for 1.5 h. The resin was loaded onto the column using gravity flow and washed with 100 ml of washing buffer (10 mM Tris, pH 8.0, 5 mM CaCl 2 , 1 mM ATP, 7 mM ␤-mercaptoethanol, 1 mM NaN 3 ). Then the resin was transferred to 50-ml centrifuge tubes. After the beads settled and the supernatant was removed, actin was eluted by suspending the beads in 100 ml of elution buffer (10 mM Tris, 5 mM EGTA, 1 mM MgCl 2 , 1 mM ATP, 7 mM ␤-mercaptoethanol, 1 mM NaN 3 , pH 8.0) for 1 min and pelleting the beads. The eluted protein was dialyzed overnight against 1 liter of dialysis buffer (10 mM Tris, pH 8.0, 5 mM MgCl 2 , 1 mM ATP, 7 mM ␤-mercaptoethanol, 1 mM NaN 3 ) followed the next day by 1 liter of dialysis buffer for 2 h. The protein solution was transferred into two 50-ml centrifuge tubes with 200 l of nickelSepharose, and the mixture was incubated for 15 min. After spinning at 3,500 rpm for 10 min, actin was polymerized in 100 mM KCl and 10 mM MgCl 2 for 1 h at 4°C. Actin filaments were pelleted at 38,000 rpm in a Ti45 rotor for 2 h. The supernatant was discarded, and the surface of actin filament pellet was washed with 5 ml of G-buffer (2 mM Tris, 0.1 mM CaCl 2 , 0.2 mM ATP, 0.5 mM DTT, 1 mM NaN 3 , pH 8.0). The pellet was resuspended in 10 ml of G-buffer with a Dounce homogenizer (Wheaton 432-1272). The actin solution was dialyzed against four changes of 1 liter of G-buffer over 2 days to depolymerize the filaments. Depolymerized actin was centrifuged for 2 h at 38,000 rpm in Ti70.1 rotor to remove any insoluble materials. The top two-thirds of the supernatant was loaded onto a 2.6 ϫ 69-cm Sephacryl S-300 gel filtration column equilibrated with G-buffer. Fractions of 110 drops were collected, and the actin concentration was measured by absorption at 290 nm (⑀ ϭ 26,000 M Ϫ1 cm Ϫ1 ). We stored purified S. pombe actin by continuous dialysis against 1 liter of G-buffer changed every 12 h and used fractions containing Ͼ5 M actin within 5 days. To generate ADP or ADP⅐P i ⅐actin filaments, actin monomers were polymerized in MEI (1 mM MgCl 2 , 1 mM EGTA, 10 mM imidazole, 0.1 mM ATP, 1 mM DTT, pH 7.0) with 25 mM potassium phosphate, pH 7.0, or 25 mM K 2 SO 4 for 1 h on ice. Cys-374 of S. pombe actin was labeled with N-(1-pyrene)iodoacetamide (P29, Invitrogen) (12) or Oregon green 488 iodoacetamide (O-6010, Invitrogen) (13, 14) .
Purification of Other Proteins-We purified Arp2/3 complex from fission yeast 2 and recombinant fission yeast cofilin (15) and fission yeast and human profilin (16) 
Actin Monomer Nucleotide Exchange-A slurry containing 90 l of Dowex AG 1-X4 resin (Bio-Rad 143-1345) in 100 mM Tris, pH 8.0, was washed twice with 600 l of nucleotide free G-buffer using a Cortex 0.22-m spin column. Free ATP was removed from 400 l of actin by incubation with the washed Dowex for 3 min and pelleting the resin. The 400 l of actin were mixed with 50 l of 5 mM ⑀-ATP, 2.5 l of 10 mM MgCl 2 , and 2 l of 50 mM EGTA for 30 min at 4°C. Free ⑀-ATP and ATP were removed by incubation with 50 l of Dowex for 2.5 min, and the ⑀-ATP⅐actin was used within about 1 h. Equal volumes of 0.2 M ⑀-ATP⅐actin monomers in KMEI (MEI buffer with potassium) and KMEI with 0.2 mM ATP and 0.1 mM DTT containing a range of profilin concentrations were mixed with a KinTek stopped-flow mixer with a dead time of ϳ7 ms. The fluorescence intensity was followed over time at five points per second with excitation at 345 nm and emission at 410 nm.
Release of Phosphate during Actin Polymerization-ATP was removed from actin monomers in a Cortex 0.22-m spin column with 600 l of Sephadex G-25 resin (Sigma-Aldrich G2550) previously washed twice with nucleotide-free G-buffer (1 mM NaN 3 , 0.1 mM CaCl 2 , and 2 mM Tris, pH 8.0). Centrifugation at 1,400 ϫ g for 2 min removed the buffer outside the beads (17) . A solution of 400 l of actin monomers was added on top of each of three washed G-25 columns, which were spun at 1,400 ϫ g for 2 min, yielding 1 ml of actin monomer in nucleotide-free buffer. The specific activity of our 10 mCi/ml stock of [␥-32 P]ATP was 6,000 Ci/mmol. We mixed 981 l of G-25 filtered actin monomer with 6.4 l of 1.67 M [␥-32 P]ATP, 5 l of 10 mM MgCl 2 , and 4 l of 50 mM EGTA for 30 min at 4°C. Free [␥-32 P]ATP was removed by adding 200-l aliquots of radioactive actin monomer to the top of 600 l of washed G-25 and centrifuging at 1,400 ϫ g for 2 min. The concentration of radioactive actin monomer was estimated by Bradford assay. Samples of 1.5 ml of 3 M actin were polymerized in 1ϫ KMEI buffer at 25°C. At each time point, a 100-l aliquot was added to a 0.5-ml 30-kDa molecular mass cut-off Amicon ultracentrifuge tube (Millipore UFC503096) and spun at 23,000 ϫ g for 1 min to separate a small fraction of the buffer containing 32 P from the retained protein. The radioactivity of the filtrate was measured with a liquid scintillation analyzer (Packard, TRI-CARB 2900TR).
RESULTS
Purification of S. pombe Actin-After homogenization of fission yeast, a substantial fraction of the actin pelleted with cell debris (data not shown) as expected because ϳ13% of cellular actin is polymerized and associated with endocytic actin patches (2). We purified actin from the supernatant by affinity chromatography with the C-terminal half (domains 4 -6) of gelsolin (11) . When added to a cell lysate in Ca 2ϩ buffer, His-tagged gelsolin G4-6 bound actin monomers and capped the barbed end of actin filaments (18, 19) . After binding His-tagged gelsolin G4-6 with associated actin to nickel-Sepharose, actin was eluted with Mg 2ϩ buffer containing EGTA. After adding another 200 l of nickel-Sepharose to the eluted actin solution to bind any free G4-6, actin was polymerized, pelleted, depolymerized, and gel-filtered. Affinity chromatography produced the largest gain in purity and the cycle of polymerization, and gel filtration removed minor contaminants as shown by gel electrophoresis with Coomassie Blue staining (Fig.  1A) . Quantitative Western blots showed that the yield of actin from 120 g of cells was ϳ40 mg from the nickel-gelsolin column, 10 mg in the actin pellet, and 5 mg from the peak fractions after gel filtration (Fig. 1A) . Given ϳ0.5 mg of actin/g of wet fission yeast cells (2) , the overall yield was 10% of the total actin from 120 g of cells.
We used circular dichroism (CD) to assess the thermal stability of S. pombe actin. S. pombe and chicken muscle actin have similar CD spectra between 190 and 350 nm (supplemental Fig. S1 ). We monitored the change of CD at 222 nm when the protein was heated from 4 to 95°C. The melting temperature (T m ) of fission yeast actin monomers was ϳ45°C in G-buffer, 10°C lower than chicken skeletal muscle actin in our control experiments (Fig. 1B ) and as measured previously by DNase I inhibition (20) and differential scanning calorimetry (21) .
Polymerization of S. pombe Actin-In polymerization buffer containing KCl, EGTA, and Mg 2ϩ , S. pombe actin spontaneously formed filaments that bound Alexa Fluor 488 phalloidin. Fluorescence microscopy showed that they ranged in length from 0.5 to 10 m (Fig. 1C) .
To study the kinetics of polymerization, we labeled fission yeast actin Cys-374 with pyrene as widely applied for muscle actin (22, 23) . When mixed with KMEI polymerization buffer, 5% pyrene-labeled S. pombe actin polymerized spontaneously ( Fig. 2A ) with a shorter initial lag than muscle actin (supplemental Fig. S2 ).
We analyzed the underlying reactions with a simple nucleation model with irreversible formation of actin trimer nuclei (Fig. 2D ). Simulations with dimerization parameters from previous work (24) and a trimer formation rate constant of ϳ0.11 M Ϫ1 s Ϫ1 fit the time courses of polymerization over a range of S. pombe actin concentrations ( Elongation assays with 0.5 M unlabeled S. pombe actin filament nuclei (Fig. 2B ) gave initial polymerization rates proportional to the concentration of 5% pyrene-labeled S. pombe actin monomers. The x axis intercept gave the critical concentration of 0.11 Ϯ 0.04 M (Fig. 2C, six experiments) , which is similar to muscle actin (0.052 Ϯ 0.011 M in two experiments; supplemental Fig. S2 ).
Rapid Phosphate Release from S. pombe Actin FilamentsWe followed the time course of phosphate release from ADP⅐P i ⅐actin filaments during the polymerization of [␥-32 P]ATP⅐actin monomers. Incorporation of ATP⅐actin monomers into muscle actin filaments increases the rate of ATP hydrolysis by 40,000-fold (25, 26) followed by the dissociation of the ␥-phosphate from each subunit. We separated [ 32 P]phosphate that dissociated from polymerized actin from 32 P bound to actin monomers and filaments by centrifugation through a 30-kDa molecular mass cut-off membrane. We monitored the polymerization of parallel samples of pyrenelabeled actin.
Time courses of S. pombe actin polymerization and [␥-
32 P]phosphate release overlapped (Fig. 3B) , whereas muscle actin filaments released phosphate after a lag of nearly 10 min (Fig. 3A) . We used two methods to estimate the rate of phosphate release. For muscle actin, we compared the concentrations of ADP⅐P i ⅐actin filaments and rates of [␥- 32 P]phosphate accumulation during the progress of actin polymerization and calculated a [␥-32 P]phosphate release rate constant of ϳ0.0015 s Ϫ1 (Fig. 3A) , similar to published values (27, 28) . For both types of actin, we also used a simple nucleation model (Fig. 2D ) to estimate the phosphate release rate required to fit the observations. For S. pombe actin simulations with phosphate, dissociation rate constants Ͼ0.025 s Ϫ1 fit the experimental time course of phosphate dissociation (Fig. 3B) , but given the limited temporal resolution of the filtration assay, phosphate release could be much faster. A rate constant of 0.025 s Ϫ1 gives a 1-min lag of phosphate release behind actin polymerization, and the rate constant of 0.1 s Ϫ1 gives a lag of ϳ15 s. Thus MgADP⅐P i subunits in S. pombe actin filaments release hydrolyzed phosphate at least 10-fold faster and possibly 100-fold faster than subunits in muscle actin filaments.
For muscle actin, the simulated time courses do not fit the sigmoidal time course of phosphate release (Fig. 3A) . Early in the reaction, phosphate dissociates from MgADP⅐P i subunits at 0.0005 s
Ϫ1
, but the reaction is ϳ10-fold faster later in the reaction. This change suggests that the rate of phosphate release depends on the nucleotide composition of muscle actin filaments.
S. pombe Actin Monomers Exchange Nucleotide Faster than Muscle Actin-We measured dissociation of ⑀-ATP from actin monomers under polymerizing conditions in KMEI buffer by mixing 0.1 mM ATP with 0.1 M Mg-⑀-ATP⅐actin monomers and monitoring the fluorescence decrease as ⑀-ATP dissociated and was replaced by the excess of ATP. ⑀-ATP dissociated from S. pombe actin monomers at 0.17 s Ϫ1 (Fig. 4A ), 40-fold faster than the rate of 0.004 s Ϫ1 for muscle actin (not shown).
Human profilin stimulated the rate of ⑀-ATP dissociation from fission yeast actin monomers from 0.17 to 1 s Ϫ1 , but S. pombe profilin had no effect on ⑀-ATP dissociation from S. pombe actin (Fig. 4A) , although low concentrations of S. pombe profilin stimulate ⑀-ATP dissociation from muscle actin 2.3-fold (29) . Although S. pombe profilin did not stimulate nucleotide exchange of S. pombe actin monomers, it binds to these actin monomers because both 2 M S. pombe and human profilin inhibited spontaneous polymerization of 3 M S. pombe actin (Fig. 4B) .
Phosphate Inhibits Binding of Cofilin to S. pombe ADP⅐Actin Filaments-
We used the reduction in fluorescence of pyrenelabeled actin filaments (30) to measure binding of S. pombe cofilin to S. pombe actin filaments. As in the case of muscle actin filaments (15) , fission yeast cofilin reduced the pyrene fluorescence of S. pombe ADP⅐actin filament faster than S. pombe ADP⅐P i ⅐actin filaments (Fig. 5A) . The observed rate constants were close to those with muscle actin filaments 3 (15) . Because of cooperative binding of human (31) and fission yeast (32) cofilin to actin filaments, these time courses were nearly exponential even without pseudo-first order conditions (15) . The observed rate constants were proportional to the S. pombe cofilin concentration, and the slopes of these plots were greater with S. pombe ADP⅐actin filaments than with S. pombe ADP⅐P i ⅐actin filaments (Fig. 5B) .
Nucleation of S. pombe Actin Filaments by S. pombe Arp2/3
Complex-We used fission yeast Arp2/3 complex labeled with pyrene on A317C of ARPC2 to measure binding to actin filaments (Fig. 6E) . The fluorescence increase in the presence of actin filaments is interpreted as Arp2/3 complex binding to the side of actin filaments (33) Reaction of fission yeast Arp2/3 complex and a nucleationpromoting factor produced more rapid polymerization with S. pombe actin than with muscle actin (Fig. 6 and Table 1 ). We calculated the concentrations of actin filament barbed ends from the polymerization rates when half of the actin was polymerized. The two actins produced about the same concentrations (0.3 nM) of barbed ends in the absence Arp2/3 complex (Table 1) , but over a range of concentrations of S. pombe Arp2/3 complex with 1 M Wsp1p-VCA S. pombe actin generated 3-fold more barbed ends than muscle actin. As observed previously with muscle actin, VCA dimers had much higher nucleation activity than VCA monomers (Table  1 ). In the absence of nucleation-promoting factors, S. pombe Arp2/3 complex generated similar numbers of barbed ends with S. pombe or muscle actin monomers (Fig. 6 , C and D, Table 2 ).
DISCUSSION
We purified fission yeast actin and characterized its most relevant biochemical properties because one cannot rely on the properties of muscle or budding yeast actin for quantitative analysis of the actin system in fission yeast. Since fungi diverged from animals more than 1 billion years ago, and Saccharomyces cerevisiae and S. pombe diverged ϳ400 million years ago (34, 35) , about 10% of the residues in these actins changed (supplemental Fig. S4 ). These widely dispersed substitutions have resulted in functionally important differences in biochemical properties.
Comparisons of S. pombe Actin with Muscle and Budding Yeast Actins-Nucleotide binding to apo-actin is fast (k
, (36)), so dissociation is rate-limiting for nucleotide exchange when ADP⅐actin monomers that dissociate from filaments need to be activated by binding ATP. The bound divalent cation strongly influences the dissociation rate, and Mg 2ϩ is the physiologically relevant divalent cation. Our finding that the rate constant for Mg-⑀-ATP dissociation is about 40-fold faster for S. pombe actin than muscle actin means that nucleotide dissociation occurs spontaneously with a half-time of only 4 s. Takaine and Mabuchi (10) found that Ca-⑀-ATP dissociates only three times faster from S. pombe actin (0.013 s Ϫ1 ) than muscle actin (0.004 s Ϫ1 ) in low salt buffer. Most profilins (37-39), including both S. cerevisiae and S. pombe profilin (29, 40) , stimulate nucleotide exchange of muscle and cytoplasmic actin monomers, but plant profilins (40 -42) do not. Remarkably, S. pombe profilin does not stimulate nucleotide dissociation of S. pombe Mg-⑀-ATP⅐actin (Fig. 4A) or S. pombe Ca-⑀-ATP⅐actin (10), but S. pombe profilin stimulates dissociation of both Mg-⑀-ATP and Ca-⑀-ATP from muscle actin despite having a 10-fold higher affinity for S. pombe CaATP⅐actin monomers (K d ϭ 0.15 M) than for muscle actin monomers (10) in a low salt buffer. The inability of S. pombe profilin to stimulate nucleotide exchange of its own actin is not due simply to the intrinsically high rate of ATP dissociation because human profilin stimulated the rate of ⑀-ATP dissociation from fission yeast actin monomers 6-fold. A possible explanation for the lower nucleotide exchange activity of S. pombe profilin is shorter strands ␤4, ␤5, and ␤6 that flank both sides of the actin-profilin interface at the barbed end of the actin monomer (43) . Because the nucleotide binding cleft and the barbed end groove of the actin monomers open and close in a reciprocal fashion, human profilin may favor the open nucleotide binding cleft because its longer strands provide additional interactions at the barbed end of actin monomers.
The inability of S. pombe profilin to stimulate nucleotide exchange of fission yeast actin is surprising given evidence that nucleotide exchange activity is required to complement the defects in profilin-null and temperature-sensitive mutations in fission yeast (29) . It is thus likely that defects in affinity for actin explain the lack of function of these mutant profilins. The rapid, spontaneous dissociation of nucleotide accounts for the ability of Arabidopsis profilin (lacking nucleotide exchange activity (42)) to complement the phenotype of S. pombe profilin temperature-sensitive mutations (43, 44) . The critical concentration for polymerization of our preparation of S. pombe MgATP⅐actin was similar to muscle actin. Because the critical concentration is the ratio of the rate constants for elongation (k Ϫ /k ϩ ) and because the barbed end dominates measurements of elongation, we are confident that the rate constants for barbed end elongation of S. pombe actin are similar to those of muscle actin (and other actins such as Acanthamoeba actin) despite the fact that we were unable to measure the rate constants directly by fluorescence microscopy because of limited materials for labeling with Oregon green. The fact that both actins depolymerize at about the same rate in latrunculin A (10) reinforces this conclusion. Takaine and Mabuchi (10) measured critical concentrations of 0.5 M for both S. pombe and muscle actins in MgCl 2 and KCl by steady state light scattering. The difference from our observations is likely the presence of EGTA in our physiological buffer, which binds the Ca 2ϩ in the actin monomer buffer and lowers the critical concentration. Electron microscopy and optical diffraction established that the structure of S. pombe actin filaments is indistinguishable from muscle actin filaments (10) . Both types of filaments bind and activate the ATPase of muscle myosin heavy meromyosin (10) .
Like the S. pombe actin prepared by Takaine and Mabuchi (10), the spontaneous polymerization of our preparation of S. pombe actin was faster than muscle actin (Fig. 2 , supplemental Fig. S1 ), and our computer simulations indicate that the rate of nucleation was about five times faster. Spontaneous polymerization of budding yeast actin is also faster than muscle actin (45, 46) .
We used a new filtration assay with small samples and cleaner background signal than previous methods (27, 47) to show that S. pombe actin filaments release phosphate at least 10 times faster than muscle actin filaments. Phosphate release keeps up with polymerization of S. pombe actin, so we can put a lower limit on the rate constant for phosphate dissociation of ϳ0.025 s Ϫ1 , but rate constants as high as 0.1 s Ϫ1 are also consistent with the data. Phosphate release from budding yeast actin also overlaps the time course of polymerization (48) . The phosphate dissociation rate constant from budding yeast actin, calculated without consideration of the concentration of polymerized actin, is ϳ0.012 s Ϫ1 (49) , so this value is smaller than our rate constant taking the concentrations of ADP⅐P i ⅐actin subunits into account. We did not measure the rate at which S. pombe actin filaments hydrolyze ATP, but note that the active sites of muscle and S. pombe actin are identical and that the measured phosphate dissociation rate is close to the rate of ATP hydrolysis by muscle actin (0.3 s Ϫ1 ) (25, 26), so we expect that the hydrolysis rate for S. pombe actin is similar to muscle actin.
As in previous work (27, 47) , we observed that phosphate release lags far behind the polymerization of muscle actin filaments, but our simulations of a simple model of actin polymerization fit the experimental time course of phosphate release poorly (Fig. 3) . Thus rate of phosphate release appears to increase during the time course of polymerization and phosphate dissociation. Perhaps the conformational changes within the filament that are coupled to phosphate release might increase the rate of phosphate release from adjacent ADP⅐P i ⅐actin subunits as the filament ages.
Like all other profilins tested, S. pombe profilin strongly inhibits spontaneous polymerization of S. pombe MgATP⅐actin monomers (Fig. 4B) (10) . Contrary to most other profilins tested, Takaine and Mabuchi (10) presented evidence that S. pombe profilin also reduces the extent of polymerization of S. pombe actin and the length of the filaments at steady state. The absence of EGTA in their buffer is one plausible explanation for this difference.
S. pombe cofilin binds faster to S. pombe actin filaments with bound ADP than bound ADP⅐P i . The rates and cooperativity are similar for S. pombe cofilin and muscle actin filaments (15) .
In the presence of the fission yeast nucleation-promoting factor Wsp1p-VCA, S. pombe Arp2/3 complex generated 3-fold more barbed ends with S. pombe actin than with muscle actin (Table 1 ). This may be due to the higher affinity of S. pombe Arp2/3 complex for S. pombe actin filaments because a higher concentration of Wsp1p-CA was required to inhibit the interaction between S. pombe Arp2/3 complex and S. pombe actin filament, but limited amounts of S. pombe actin precluded detailed characterization of these reactions.
Budding yeast Arp2/3 complex does not require a nucleation-promoting factor to stimulate polymerization of its own actin (7) . In the absence of a nucleation-promoting factor, fission yeast Arp2/3 complex also stimulates the polymerization of its own actin slightly better than muscle actin (Fig. 6 , C and D, Table 2 ). The conditions differed, but S. pombe Arp2/3 complex appears to be less active on its own than budding yeast Arp2/3 complex (7).
Functional Implications of the New Information about Fission Yeast Actin-The purification and characterization of the basic properties of S. pombe actin in this study and by Takaine and Mabuchi (10) provide information essential for studying endocytosis and cytokinesis using S. pombe as the model organism. S. pombe actin is more dynamic than muscle actin in terms of faster nucleotide exchange by monomers, faster actin filament nucleation, faster dissociation of phosphate from ADP⅐P i ⅐actin filaments, and faster actin filament formation with S. pombe Arp2/3 complex. These properties help to account for the rapid assembly and turnover of actin filaments in fission yeast and assist us in understanding the mechanisms of endocytosis and cytokinesis.
Arp2/3 complex and its activators WASp (Wsp1p) and myosin-I (Myo1p) are required to assemble actin filaments at sites of endocytosis in budding and fission yeast (50, 51) . Simulations of a mathematical model that accounts for the assembly and disappearance of actin filaments at the site of endocytosis in fission yeast indicated that the formation of actin filament branches is several hundred times faster than observed with purified Arp2/3 complex, WASp-VCA, and muscle actin monomers (3, 5) . The F-BAR protein Bzz1p can increase the rate of nucleation by about 4-fold, 5 and our finding that S. pombe Arp2/3 complex forms new filaments faster with S. pombe actin than muscle actin further narrows the gap between measurements with purified proteins and in cells.
Because of rapid ATP hydrolysis and phosphate release after polymerization of S. pombe actin, filaments will have a high proportion of ADP⅐actin subunits, favoring S. pombe co-filin binding (Fig. 5) and severing of the filaments. This new information about rapid phosphate release supports the mathematical model, which showed that the rapid phosphate release rate of S. pombe actin filaments is required for the rapid loss of actin filaments from patches in 10 s (5). Once filaments depolymerized in cells, fast spontaneous nucleotide exchange with a half-time of 4 s should be fast enough to recharge ADP⅐actin for another round of polymerization despite the fact that S. pombe profilin does not stimulate nucleotide exchange. 
